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Plasmonic nanoparticles (NPs) have played a significant role in the evolution of modern nanoscience
and nanotechnology in terms of colloidal synthesis, general understanding of nanocrystal growth
mechanisms, and their impact in a wide range of applications. They exhibit strong visible colors due to
localized surface plasmon resonance (LSPR) that depends on their size, shape, composition, and the
surrounding dielectric environment. Under resonant excitation, the LSPR of plasmonic NPs leads to a
strong field enhancement near their surfaces and thus enhances various light—matter interactions. These
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unique optical properties of plasmonic NPs have been used to design chemical and biological sensors. Over
the last few decades, colloidal plasmonic NPs have been greatly exploited in sensing applications through
LSPR shifts (colorimetry), surface-enhanced Raman scattering, surface-enhanced fluorescence, and

chiroptical activity. Although colloidal plasmonic NPs have emerged at the forefront of nanobiosensors,

there are still several important challenges to be addressed for the realization of plasmonic NP-based

sensor kits for routine use in daily life. In this comprehensive review, researchers of different disciplines
(colloidal and analytical chemistry, biology, physics, and medicine) have joined together to summarize the
past, present, and future of plasmonic NP-based sensors in terms of different sensing platforms,

understanding of the sensing mechanisms, different chemical and biological analytes, and the expected

future technologies. This review is expected to guide the researchers currently working in this field and

inspire future generations of scientists to join this compelling research field and its branches.

1. Introduction

The development of sensors for ultrasensitive detection of
biologically active molecules and chemical substances (organic
and inorganic) is crucial for early diagnosis, probing biological
processes, and environmental safety.'™° Early diagnosis is critical
for the prevention of spreading the disease to other parts of the
body or other people."”” ' For instance, we witnessed the fast
contagion of COVID-19 and its impact on the health system
across the globe.”” The early detection of the virus has played a
significant role in the prevention of its spreading.**** Similarly,
the early detection of diseases like cancer not only prevents
mortality but also reduces the treatment cost.”" In connection
with this, various molecular diagnostics techniques have been
developed based on the detection and quantification of nucleic
acids (DNA and RNA), proteins, peptides, or antibodies using
polymerase chain reaction (PCR),”> enzyme-linked immunosor-
bent assays (ELISA),>® immunofluorescence,”” etc. On the other
hand, various analytical chemistry techniques such as gas/liquid
chromatography, mass spectrometry, nuclear magnetic reso-
nance spectroscopy, and atomic/emission absorption spectro-
scopy have been developed for the detection of chemical
contaminants in water or air.”® Although modern analytical and
molecular diagnostics techniques are precise and reliable, they
are expensive and time-consuming due to complex instrumenta-
tion. Nevertheless, in the last three decades, various types of
nanoparticles (NPs) have been extensively exploited in analytical
chemistry, molecular diagnostics. This has led to the develop-
ment of new research fields so-called nanosensors and nanobio-
sensors, where the sensing platforms are constructed using
nanomaterials.>* Generally, nanoparticles act as optical or
electrochemical sensors, offering efficiency, ease of use, and
cost-effectiveness.

Among all, plasmonic NPs are one of the most studied
materials over the last three decades in the field of nanoscience
and nanotechnology and have emerged at the forefront of
chemical and biosensors with a detection capability of fast,
efficient, point-of-care, and cost-effective.**° In particular,
gold (Au) and silver (Ag) NPs have received significant attention
due to their tunable optical properties in the visible to near-
infrared (NIR) range.'®?”~*° Over the years, plasmonic NPs have
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been greatly exploited in a wide range of applications including
photonics, light harvesting, chemical and biological sensing,
imaging, and therapy.***>*! They exhibit unique optical proper-
ties due to strong localized surface plasmon resonance (LSPR)
that arises at the surface of NPs. LSPR refers to the collective
oscillations of conduction band electrons at the interface of
plasmonic NPs and their surrounding medium (typically dielec-
tric) upon their interaction with electromagnetic radiation.***°
The electron cloud oscillations confine on plasmonic NPs
according to their dimensions and thus the wavelength of the
LSPR band in the extinction spectra of the NPs strongly depends
on their size, shape, composition, interparticle distance, and
refractive index of the surrounding medium.*”*° Because of
intense efforts from researchers across the globe, currently, we
are in a position to precisely control the size, shape and
composition of plasmonic NPs through colloid chemistry.***>
A few milestones of the colloidal synthesis of plasmonic NPs
include the Turkevich synthesis method,*>*” seed-mediated
synthesis of Au & Ag nanorods (NRs),***° polyol synthesis of
Ag nanocubes (NCs),*® Ag nanoplates (NPTs),”" Au nanoshells,**
Au nanostars (NSTs),>>>* etc. have opened doors for precise
shape control of plasmonic NPs. The developments in the
colloidal synthesis of plasmonic NPs have enabled the tunability
of their LSPR in the visible to NIR. Recently, there has been
growing interest in obtaining plasmonic NPs with chiroptical
response by shaping or assembling them into chiral morphology
(twisted or helical).>>>® Such chiral NPs exhibit circular dichro-
ism signals at their LSPR position, which are tunable from
visible to NIR.

The LSPR strongly enhances the light-matter interactions on
the surface of NPs by focusing the incident light at a nanometer
scale through the incident enhancement of electromagnetic
field by several orders of magnitude. These properties have
made the plasmonic NPs highly attractive for ultrasensitive
optical sensing of various analytes ranging from inorganic ions
and small organic molecules to biomacromolecules by refractive
index sensitivity, colorimetry (based on an analyte-induced
aggregation of NPs), and LSPR-enhanced techniques such as
surface enhanced Raman scattering (SERS) and surface
enhanced fluorescence (SEF).'%*77*%738 The first breakthrough
study of DNA-Au NP interactions was published in 1996 by

This journal is © The Royal Society of Chemistry 2024
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Mirkin et al>® and Alivisatos et al.,*® reporting the reversible
aggregation of oligonucleotides-capped Au NPs by the addition
of complementary DNA. These reports have laid the foundation
for not only DNA sensing but also sensing of other biomolecules
using plasmonic NPs. The sensing is usually based on the
change in LSPR of plasmonic NPs by selective aggregation of
NPs or change in surrounding dielectric constant upon binding
to a target molecule.®® As the plasmonic NPs exhibit intense
colors in the visible region due to high extinction coefficients,
the change in color (usually red to blue or violet for Au NPs)
upon analyte-induced aggregation makes them suitable for
naked-eye detection.®"

On the other hand, SERS has evolved as one of the most
sensitive analytical techniques for ultrasensitive detection (even
quantification to some extent) of various analytes."*** " Previous
studies have demonstrated the capability of detecting signals from
single molecules by SERS.*"®® Moreover, it is a non-invasive
technique, and it doesn’t require specific binding of analytes to
plasmonic NPs. It is based on enhanced Raman scattering of
molecules that are placed near or on the surface of NPs mainly due
to the electric field enhancement caused by LSPR. This technique
has been extensively investigated in the last two decades for
sensing a wide range of analytes using plasmonic NPs of different
shapes and their assemblies."* Besides, SEF has also gained
significant attention for enhancing signal-to-noise ratio and
improving the sensitivity of fluorescence-based bioassays, where
the fluorescence enhancement strongly depends on the size of

plasmonic NPs.>”®® Due to their interesting optical properties,
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plasmonic NPs have emerged at the forefront of materials for
chemical and bio-sensing.*® Over the yars, numerous review
articles have already been published on various aspects of plas-
monic NP sensors, especially focusing on SERS, LSPR shifts, and
colorimetric-based sensing.>%1113:3536:64667075 However, as the
field is well-established, there is a need to discuss the current
progress in terms of fundamental understanding, technological
advances, and challenges remaining to be addressed, along with
prospects in different aspects of plasmonic sensors. Therefore,
researchers of different expertise in plasmonic sensors have joined
to provide a state-of-the-art overview of various subtopics of
plasmonic sensors. As outlined in Scheme 1, this review covers
the research progress on different aspects of plasmon NP-based
sensors: (1) shape-controlled synthesis of plasmonic NPS with
tunable optical properties, (2) different methods of sensing using
the plasmonic NPs, (3) SERS (fundamentals, different types of
substrates, and sensing different analytes and sensing reaction
intermediates), (4) LSPR sensing (fundamentals, methods and
different analytes), (5) colorimetric sensing, and (6) plasmonic
chiroptical sensors. Finally, a brief outlook is provided on the
challenges that need to be addressed soon to realize the real-world
applications of plasmonic NP-based sensors.

2. Methods of plasmonic sensing

This section provides a brief overview of different techniques
used for plasmonic sensing, including SERS, SEFSEF, LSPR,

[ Plasmonic Sensors ]

Shape-Controlled
Synthesis

[ Methods of Plasmonic Sensing j

SERS

(Surface-enhanced
Raman scattering)

SEF

(Surface-enhanced
Fluorescense)

Colorimetric

LSPR-based

(Localized Surface
Plasmon Resonance)

Chiroptical

[

Analytes: Chemical (dyes, explosives, organic molecules, etc.), Biological (DNA, RNA, Proteins,
Antibodies, Cells, Bacteria, Viruses, etc.), Reaction Intermediates, lons, etc.

)

Scheme 1 Overview of the contents of the review, which includes research progress of shape-controlled synthesis followed by different methods of
sensing for sensing different analytes.
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Fig. 1 Schematic illustrations of different types of optical sensing methods using plasmonic NPs. (a) Surface enhanced Raman scattering, in which the
plasmonic NPs enhance the Raman signals of analytes by several orders of magnitude. (b) Surface-enhanced fluorescence, in which the plasmonic NPs
significantly enhance the fluorescence of fluorophores linked to their surface, and then they act as bright fluorescent labels for the ultrasensitive
detection of analytes in standard bioassays. (c) LSPR shift, which is based on an analyte-induced shift in the extinction spectra of plasmonic NCs due to
changes in refractive index or coupling between particles. (d) Colorimetric sensing, which is based on the analyte-induced color change of colloidal
plasmonic NP through aggregation. (e) Chiroptical sensing, which is based on inducing or increasing the CD signal of plasmonic NPs upon their

interaction with chiral molecules.

colorimetric, and chiroptical methods. The basic working prin-
ciples of these methods are schematically illustrated in Fig. 1.
For each method, we briefly describe the working principle and
various sensing strategies and substances. A detailed overview
and state of the art for each method are provided in the
following sections.

SERS

It is one of the most extensively exploited methods in the field of
plasmonic sensors.">’%”” This is based on the enhancement of
inelastic scattering of molecules by several orders of magnitude
(10°~10° or more) through strong electric field enhancement
when they are adsorbed on the surface of plasmonic NPs
(Fig. 1a)."> SERS was first observed from pyridine adsorbed on
rough silver electrodes by Fleischmann et al in 1974.”° The
enhancement was attributed to a surface area-related phenom-
enon. Later, this was observed independently by Jeanmaire et al.
and Albrecht et al. in 1977.7%%° The enhancement was assigned to
the resonant Raman scattering of molecules adsorbed on rough
metal surfaces by the interaction with surface plasmons. The
detailed history of the discovery of SERS was discussed in
previous reviews.'*%+6¢81:82 Eollowing these early works, SERS
has been greatly studied in terms of fundamental understanding
of the enhancement mechanisms, optimization of enhancement
factors, exploring various shapes and sizes of plasmonic NPs,
development of different substrates, and sensing a wide range of
analytes.">**® The SERS enhancement factors are strongly

2088 | Nanoscale Horiz., 2024, 9, 2085-2166

dependent on the chemical composition of plasmonic NPs, the
distance between the surface of NPs and the analyte molecule, the
excitation wavelength, the position of LSPR, and the resonance of
the analyte with the excitation light.*® The sensitivity of this
technique can be as high as single molecule detection in some
cases.>%%%88485 gyer the years, researchers have found that the
aggregated NPs and the NPS with sharp tips exhibit strong electric
field enhancements and thus better SERS signals at the resonant
excitation wavelength. SERS sensing can be performed in different
ways, such as in a solution phase, on a solid substrate, in a
microfluidic flow channel, and inside a tissue, depending on the
type of analyte and the plasmonic substrate,'*!*¢1:6486

SEF

The concept SEF is similar to that of SERS, however, instead of
the Raman signals, the fluorescence of molecules significantly
increases upon placing them in proximity to a plasmonic NP
surface.’”%%%779% The enhancement is caused by the interaction
of fluorophores with surface plasmons, and thus the fluoro-
phores experience a strong electric field enhancement, leading
to enhanced fluorescence intensity. This phenomenon is also
called metal-enhanced fluorescence or plasmon-enhanced
fluorescence.’”®*** The enhancement of fluorescence is
strongly dependent on the overlap of the optical absorption
spectra of fluorophore and extinction spectra of NPs, size of
NPs, and the distance between the fluorophore and metal NP
surface to overcome the quenching by Forster resonance energy

This journal is © The Royal Society of Chemistry 2024
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transfer (FRET).>”°* In addition, plasmonic NPs enhance the
intrinsic radiative decay of fluorophores and thus a reduction
in lifetime. The mechanisms of surface-enhanced fluorescence
have been greatly studied by Lakowicz and co-workers, and they
proposed strategies for radiative decay engineering of fluoro-
phores using metal surfaces. SEF has been greatly exploited in
the sensing of various analytes.’®™*® The working principle of a
typical SEF-based sensor is illustrated in Fig. 1c.°%”% 1t is
based on the enhancement of the fluorescence intensity of
fluorophores that are used as labels in recognizing the binding,
thus SEF significantly improves the sensitivity of the biosen-
sors. This has been widely used in fluorescence-linked immu-
noassays and is compatible with other immunoassays, flow
cytometry, etc.5*?>1°%1%1 Moreover, it can shorten overall assay
times and lower sample volumes, and it can be combined with
lateral flow techniques. In addition, SEF has been explored in
single-molecular spectroscopy, bioimaging, DNA hybridization
sensing, and beyond.'®>™° However, one of the major chal-
lenges is to control the interactions between plasmonic NPs
and fluorophores to overcome the quenching effect.

LSPR-shift

The extinction spectra of plasmonic NPs not only dependent on
the morphology but also the dielectric constant of the surrounding
medium.*>*° Thus, the change in the surrounding medium leads
to a redshift or blue shift of the LSPR peak.**”®'%71% Thijg has
been exploited to detect the molecular interactions near the
nanoparticle surface, as illustrated in Fig. 1¢.’%%°%198199 The
NPs either in colloidal form or on a substrate exhibit LSPR shifts
upon interacting with target analyte molecules.>”**'% The inter-
actions can be specific or non-specific depending on the experi-
mental configuration. The extent of LSPR shift depends on the
concentration of the molecules that interact with the NP surface.'®
Based on the LSPR shifts, a range of analytes have been detected in
different sensing configurations. Among all, LSPR-shift-based
immunoassays,'’® LSPR optical fiber sensors''® and label-free
sensing techniques have received significant attention.>”'%

Colorimetric sensing

Sensing based on analyte-induced color changes of probe
materials has been significantly explored in modern science
and technology due to its low cost and point-of-care testing
ability.""'™""® Moreover, it doesn’t require sophisticated instru-
mentation and skilled manpower. One of the most interesting
features that makes colloidal plasmonic NPs highly attractive is
their visible colors due to strong surface plasmon resonance.
Their extinction coefficients are 1000 times higher than those
of conventional organic dye molecular probes used in colori-
metric sensing, thus making them highly attractive as colori-
metric probes for high-sensitivity detection."'®'’” The
colorimetric plasmonic sensing is based on the selective aggre-
gation of gold NPs upon binding to an analyte (Fig. 1d), the
colloidal solution color changes from red to blue due to surface
plasmon coupling between particles in the aggregate.®'''8712°
Thus, plasmonic NPs offer naked-eye detection of analytes, and
the color changes can be quantified using a mobile device to

This journal is © The Royal Society of Chemistry 2024
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obtain quantitative information about the analytes."*" The
colorimetric plasmonic sensing can be either through specific
or non-specific interaction with the analyte.'*®'?*™**” This
method has been extensively applied for the detection of metal
ions, biomolecules, and proteins.'>%!**%”

Chiral plasmonic sensing

Chirality, a commonly observed feature in biological systems, is
one of the most fascinating properties that nature has given us.'*®
On the one hand, organic chiral molecules are being greatly
exploited regarding their synthesis and applications, and inorganic
chiral nanomaterials have received significant attention in the last
decade.” ™" Chirality in inorganic NPs arises due to their mor-
phology which has no mirror or inversion symmetry."**™"** Thus,
they exhibit higher dissymmetry (g) factors (~0.2) compared to
organic systems (~10%).*""** Among all, chiral plasmonic NRs
have received significant attention due to their tunable chiroptical
signal in the visible range and the g-factors."** Chirality in plasmo-
nic NPs has been achieved either by shaping them into helical/
twisted morphology or through chiral self-assembly using chiral
templates."**"*> The strength of chirality (g-factor) strongly depends
on the helicity of the individual or assembled NPs."**'*® Thus,
chiral plasmonic sensing is generally based on the analyte-induced
chirality of plasmonic NPs, as illustrated in Fig. 1e.”*”'*® The
chiroptical activity increases with increasing the analyte concen-
tration, thus enabling its quantitative determination.

2.1. Different types of plasmonic metal NPs used in sensing

The shape of plasmonic metal NPs, which are mostly made of Au
and Ag, is determined by their crystalline structure, facet, and
anisotropy.'*® High uniformity in size and shape can ensure the
investigation of the physical properties and wide applications of
plasmonic NPs. The bottom-up chemical synthesis methods,
including chemical reduction, electrochemical deposition, photo-
chemical reaction, and multiphase-based synthesis, have been
well-developed for the preparation of high-quality NPsP with
superior plasmonic properties. Among the chemical reduction
methods, seed-mediated growth is the most common technique
for synthesizing high-quality NPs. Two steps are involved in this
method: nucleation of nanoscale seeds and atomistic growth of
the seeds to give final NPs."*® Once the nucleated clusters lock
into well-defined structures, the nanoscale seeds are formed.'*°
Different nanoscale seeds can be classified according to their
crystalline structure, defects, and shape. The typical diameters of
nanoscale seeds are in the range of ~1-15 nm. There are three
major categories of nanoscale seeds: single-crystalline, multiply
twinned, and plate-like (Fig. 2a, top). Single-crystalline seeds are
made of the face-centered cubic lattice (fcc) and are typically by
eight {111}and six {100} facets. Due to their small size, their facets
are usually difficult to identify and lack defects. Multiply twinned
seeds are enclosed typically by {111} facets with multiple twin
boundaries in a decahedral shape. When a layer of the fcc lattice
is missed or added in stacking order, plate-like seeds are formed.
By controlling the concentration of nanoscale seeds, the type and
concentration of the capping agent, and the reaction conditions,
differently shaped NCs can be synthesized even from the same

Nanoscale Horiz., 2024, 9, 2085-2166 | 2089


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nh00226a

Open Access Article. Published on 20 augustus 2024. Downloaded on 1/05/2025 19:50:40.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Horizons

Review
a

Single-crystalline | Multiply twinned

Octahedron Decahedron

Cube Icosahedron
Cuboctahedron Pentagonal rod

Pentagonal

Octagonal rod bipyramid

Plate-like
Triangular
plate
Size control
Hexagonal
plate
Core@shell
heterostructure

Position-selective
heterostructure

Fig. 2 Seed-mediated growth of plasmonic metal NPs. (a) Schematics of three representative types of nanoscale seeds (top) and the faceted NCs

(bottom) produced from the seeds by seed-mediated growth. The red lines in the nanoscale seeds indicate twin boundaries and stacking faults.

140,141

Reproduced from ref. 140 with permission from Wiley-VCH publisher, copyright 2009. (b) Schematics showing the overgrowth of homo- and hetero-
structures with the faceted NPs as seeds. Metal nanorods are used as a representative example for controlling sizes and constructing core@shell and
position-selective heterostructures. The illustrated plasmonic NPs are typically made of Au and Ag.

type of nanoscale seed. The typical shapes of final plasmonic
metal NCs obtained from single-crystalline seeds include octahe-
dron, cube, cuboctahedron, and octagonal rod (Fig. 2a, left
panel). The shape of final NCs is highly impacted by the defect
of nanoscale seeds as well. The defect generated in nanoscale
seeds broadens the diversity of final NCs. Decahedron, icosahe-
dron, pentagonal rod, and pentagonal bipyramid can be synthe-
sized from multiply twinned nanoscale seeds (Fig. 2a, middle
panel). Plate-like nanoscale seeds enable the growth of two-
dimensional-like NCs, such as triangular and hexagonal plates
(Fig. 2a, right panel).

The obtained large metal NCs equipped with unique stacking
order and facets can be used as seeds for the further overgrowth
of homogeneous and heterogeneous components. Size control is
one of the purposes (Fig. 2b, top). In order to maintain high
uniformity in size and shape and avoid the production of
byproducts, nanoparticles up to hundreds of nanometers in size
are synthesized step by step by controlling the concentrations of

2090 | Nanoscale Horiz., 2024, 9, 2085-2166

the seeds and the metal salt precursor."*>™** The obtained metal
NCs can also be used to construct heterostructures through seed-
mediated growth. Core-shell A@B heterostructures (Fig. 2b, mid-
dle) have been designed to satisfy diverse demands, such as
plasmon-assisted biomedical applications, solar energy harvest-
ing and photocatalysis. The shell can be made of another
plasmonic nanoparticle, semiconductor (metal oxides, metal
sulfides, metal selenides), silica, polymer, lanthanide-doped
nanomaterial, or metal-organic framework.'*> Moreover, the
shell component can also be selectively deposited at different
positions on the plasmonic metal core where the plasmonic near-
field enhancement reaches maximum to optimize the effect of
the plasmonic enhancement by the metal core. The position-
selective heterostructures can also allow both components to
interact with the surrounding environment. As shown in Fig. 2b
(bottom), dumbbell-like heterostructures are the most common
position-selective heterostructures. However, limited types of
position-selective heterostructures have so far been prepared

This journal is © The Royal Society of Chemistry 2024
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because the conditions to control the deposition location is
usually very delicate."*

Shape and size are the most important factors affecting the
plasmon properties of metal NPs. The incident light can be
confined to different regions on the plasmonic NP surface
because of their specific morphology. Specific plasmon modes
(LSPR) can be supported on plasmonic metal NPs and interest-
ingly the wavelengths of these plasmon modes can be precisely
tuned by varying the morphology and size. The optical properties
of these plasmonic NPs determine their applications. Nano-
spheres (NSs) have attracted the most attention during the past
decades among diverse nanoparticles owing to their simplicity in
synthesis, spherical symmetry, and readiness in assembly.'*® The
isotropic spherical geometry of NSs also allows for the easy
analytical solving of Maxwell’s equations and the calculation of
the absorption, scattering, and extinction cross-sections of NSs,
which is known as Mie theory."*® Taking Au NSs as an example.
They can be synthesized uniformly by seed-mediated growth, as
shown in Fig. 3a.""” The dipolar plasmon mode (Fig. 4, solid
yellow line) can be tuned from 500 nm to 600 nm by precisely
controlling the diameter of Au NSs from 24 nm to 103 nm. With a
diameter larger than 130 nm, both quadrupolar and dipolar
plasmon modes can be sustained. However, the spectral tun-
ability of the plasmon modes is limited for metal NSs. Nanocubes
(NCs), another type of highly symmetric structure, are formed
when the round surfaces of an NS are evenly transformed into
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four flat faces (Fig. 3b). In comparison to NSs, the dipolar
plasmon mode of Ag NCs split into two peaks (Fig. 4, solid pink
line) owing to their sharp corners.*® In addition, complex
plasmon modes can be localized not only to the edges of
nanocubes but also to the sharp corners and flat faces when
nanocubes are deposited on both dielectric and metallic sub-
strates. The corner plasmon modes of NCs can even split into
distal and proximal ones in the presence of a substrate.**°
Anisotropic structures are highly desired because they pro-
vide extra size parameters to control the plasmon modes. When
NSs are elongated along one direction, NRs are obtained. NRs
have longer lengths than diameters, giving rise to an aniso-
tropic shape and a specific length-to-diameter aspect ratio
(Fig. 3c). The wavelengths of the plasmon modes are highly
sensitive to the aspect ratio of NRs (Fig. 4, solid and dotted
purple lines). The longitudinal plasmon wavelength of plasmo-
nic metal NRs can be synthetically varied from the visible to the
IR region. Another attractive property of NRs is their different
responses to incident light linearly polarized along the trans-
verse and longitudinal directions. The odd and even long-
itudinal multipolar plasmon modes have been observed on
Ag NRs with high aspect ratios. The multipolar plasmon modes
can endow NRs with a color routing capability.'>® With emitters
sandwiched between Ag NRs and a dielectric substrate, the
emission of two-dimensional (2D) excitons was found to be
routed to the two ends by the multipolar plasmon modes."®°

V=

=
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‘l‘.& " *{**
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Fig. 3 Schematics of representative individual NPs and their corresponding transmission electron microscopy (TEM)/scanning electron microscopy
(SEM) images. (a) Au NSs, TEM. Reproduced from ref. 147 with permission from Wiley-VCH publisher, Copyright 2014. (b) Ag@Au NCs, TEM. Reproduced
from ref. 150 with permission from ACS publisher, Copyright 2019 (c) Au NRs, TEM Reproduced from ref. 151 with permission ACS publisher, Copyright
2015 (d) Ag NWs, SEM. Reproduced from ref. 152 with permission from ACS publisher, Copyright 2015 (e) Au NBPs, TEM. Reproduced from ref. 153 with
permission from Springer Nature publisher, Copyright 2015 (f) Au nanostars, TEM. Reproduced from ref. 154 with permission from RSC publisher,
Copyright 2019 (g) hexagonal Au NPLs, SEM. Reproduced from ref. 144 with permission from Wiley-VCH publisher, Copyrights 2016 (h) Circular Au NPLs,
TEM. Reproduced from ref. 155 with permission from Wiley-VCH publisher, Copyrights 2018 (i) Intertwined triple Au nanoscale rings, SEM. Reproduced
from ref. 156 with permission from ACS publisher, Copyright 2021.
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Nanowires (NWs) are obtained when the aspect ratio is further
increased (Fig. 3d). The excellent electrical conductivity and trans-
parency of plasmonic metal NWs make them useful as transparent
conductive electrodes for flexible optoelectronics.’®® At the long-
itudinal plasmon resonance, the field enhancement is localized at
the two ends for one-dimensional nanostructures. The electro-
magnetic (EM) enhancement around the ends is limited because
of the hemispherical shape. By sharpening the ends of NRs,
nanobipyramids (NBPs) (Fig. 3e) are formed. Higher-order long-
itudinal plasmon resonances (Fig. 4, solid and dotted blue lines)
can be sustained on NBPs owing to the sharp ends."”” Such sharp
ends induce electric field enhancement about three times larger
than that of NRs, promoting the generation of hot electrons.'®>
The local temperature around the tip has been proven to reach
dozens of degrees Celsius because of the enhanced near-field.'**
To fully use the advantages offered by the sharp ends, nanostars of
different types have been developed. Nanostars typically have more
than three sharp branches (Fig. 3f). Their plasmon modes are
dependent on the number and length of their branches, among
other parameters. The drastic electric field enhancement occurs
around the sharp ends and tips at the LSPR for NBPs and
nanostars, which allows them to be used in SERS, sensing, and
photocatalysis.'®*"'®* The sharp ends and tips of NBPs and NSTs
can also induce local strain on 2D semiconductors in contact with
the NPs, leading to the development of single-photon quantum
emitters.'®> When NSs are compressed along a certain direction,
2D nanostructures such as hexagonal (Fig. 3g) and circular
(Fig. 3h) nanoplates (NPLs) are produced. Hexagonal NPLs can
be synthesized by controlling the concentrations of the metal salt
precursor and the seeds. Circular NPLs with different diameters
can be produced through chemical etching on hexagonal NPLs by
adjusting the etching time."**

The thickness is barely affected during the etching process.
NPLs, therefore, provide a more flexible method for tuning the

Normalized extinction

1 1 1

400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

Fig. 4 Representative extinction spectra for Ag NCs (73 nm in edge
length, solid pink line), Au NSs (88 nm in diameter, solid yellow line),
circular Au NPLs (79 nm in diameter, 22 nm in thickness, solid green line;
99 nm in diameter, 22 nm in thickness, dotted green line), Au NRs (14 nmin
diameter, 59 nm in length, solid purple line; 10 nm in diameter, 63 nm in
length, dotted purple line), Au NBPs (59 nm in waist diameter, 230 nm in
length, solid blue line; 70 nm in waist diameter, 276 nm in length, dotted
blue line). All samples are dispersed in aqueous solutions for extinction
measurements. The data of Au NSs, Au NPLs and Au NBPs are reproduced
from ref. 146, 155, 157 with permission from Wiley-VCH publisher, Copy-
right 2014, 2018 and 2015, respectively. The data of Au NRs are repro-
duced from ref. 158 with permission from ACS publisher, Copyright 2006.
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plasmon mode by independently varying their thickness and
diameter (Fig. 4, solid and dotted green lines). Benefiting from
the large atomically flat facets in the lateral direction, the EM
field can be confined into a large face-contact area between
NPLs and substrates.'®® Especially in NPL-on-mirror structures,
rich optical properties, including magnetic and anapole plas-
mon resonances, have been observed within the dielectric layer
sandwiched between the NPL and the metal film."*® Fabry-
Pefot nanoresonators constructed out of Au NPLs and an Au
film sandwiched with a high-refractive-index dielectric layer
possess high quality factors of up to 76. They also benefit from
the atomically flat surface of Au NPLs."”” To combine the
maximized field enhancement regions of 2D nanostructures
and strongly amplified near-field focusing in dimers, trimers,
and multimers, complex plasmonic nanostructures have
recently been designed and synthesized. For example, Fig. 3i,
displays intertwined triple ring structures whose near-field
focusing can be tailored through the variation of the intragap
distance between the nanoscale rings. Such complex 2D nano-
structures have enabled single-particle SERS with large
enhancement factors (EF) up to ~10°."°°

3. Plasmonic metal nanoparticles-based
SERS sensing

3.1. Fundamentals of SERS

SERS spectroscopy is based on the amplification of Raman signals
from molecules sorbed on plasmonic surface, usually gold or
silver.’®® The discovery of the SERS effect can be attributed to
Fleischman, Hendra, and McQuillan in 1974.”% They observed an
unusually strong Raman signal from pyridine molecules absorbed
on a roughened silver electrode. These authors interpreted the
effect as a local increase of the surface concentration of the analyte
due to the increase of the surface area of the electrode due to its
deterioration because of the consecutive reduction-oxidation
cycles. Consequently, the physical effect was incorrectly named
SERS spectroscopy. However, subsequent independent reports by
Jean Maire and Van Duyne,*® Albrecht and Creighton,”® both
published in 1977, together with the seminal work by
Moskovits'®® demonstrated that this intensity could not be
accounted for an increased surface. Conversely, they reported
SERS as an eminent electromagnetic (EM) effect derived from
the excitation of LSPRs upon their excitation when illuminating
nanostructured metals with the appropriate light, as previously
theorized by Bohm'”° and demonstrated by Otto,*® as a solution of
the Maxwell equations. Also, they highlighted that the scattering
intensity from the adsorbed molecules was 10°~10° times stronger
than the conventional Raman signal. Notably, until 1979, all SERS
experiments were carried out only on electrodes being Creighton,
Blatchford, and Albretch'” the first in report SERS experiments in
colloidal Au and Ag nanostructures. In 1980 Otto reported the
effect of the charge transfer and the resonance at the surface, the
so-called chemical effects on the intensification of the SERS
signal.'’* In 1983/84 the surface selection rules were developed
independently by Creighton'”® and Moskovits.'”* No matter these
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advances and as reported by Moskovits in one of the most influential
reviews in SERS,*® the research and use of this technique became
mostly academic until 1997. In that year, two different papers
demonstrated the capability of SERS for the detection of single
molecules.®®® This fact not only fueled the fundamental research in
the field but also in closed areas such as nanofabrication optical
theory and the development of applications in biology, medicine,
environmental science, or catalysis. Thus, today an extraordinary
effort led by a myriad of research groups is performed to transform
SERS into a real live tool especially in the field of biosciences.

The fundamental components in SERS include a molecule, a
plasmonic material, and EM radiation. The adsorption of the
molecule onto the plasmonic surface is typically classified
according to the strength of bonding into either physisorption
(weak interaction) or chemisorption (chemical bonding). When
this molecule-nanoparticle system is illuminated by EM radiation,
the incident photons can induce substrate excitations such as
electron-hole pairs, surface plasmons, or surface phonons that
contribute to the enhancement. In particular, the nanostructure’s
absorption of light can generate potent local electric fields at the
location of the adsorbed molecular species. This local field signifi-
cantly influences the optical properties of the adsorbate, thereby
causing the SERS enhancement. Moreover, the interaction
between the incident radiation and the adsorbed molecule may
result in photodissociation, photoreactions, or photo-desorption,
each of which leaves unique traces in the resultant SERS spectrum.
On the other hand, the interaction of light with the metallic
nanostructure depends on the value of the complex dielectric
function at the excitation wavelength, which determines the
enhancement observed at a given excitation frequency. Particle
absorption and scattering are influenced by the shape and size of
the metal nanostructure, thus affecting SERS intensities. Further-
more, the excitations in nanostructures are strongly influenced by
the medium’s dielectric constant. The absorption and scattering of
light by metallic nanoparticles (smaller than the wavelength of the
incident light) are crucial properties that yield SERS and provide
the theoretical basis for the explanation of the EM
enhancement.®>#*8%17718% Although LSPR of nanostructures is
necessary for large enhancement factors of SERS, the chemical
interactions between analytes and substrates can lead to Raman
enhancement via the chemical enhancement mechanism that has
often been observed for semiconductor substrates.">'®"

For a single isolated plasmonic sphere (Fig. 5a), the extinction
and scattering can be fully explained by the Mie theory."**"**> When
the light resonates with the LSPR, the metal sphere emits its dipolar
field (Esp). The magnitude of that field at a nearby molecule
depends on the sphere’s radius (r), its distance (d) from the
molecule, the dielectric constants of the metal (¢) and the surround-
ing medium (&), as well as the strength of the incident field (E).
Therefore, the molecule experiences an enhanced local field (Ey)
which includes both electric-field magnitudes: E, + Esp. The light
field enhancement A (v) is determined by the ratio of the field at the
molecule’s position to the incoming field.

_ EM(ZI)
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Here, A(v) is particularly strong when the real part of ¢(v) is
equal to —2¢,. Additionally, for a significant EM enhancement,
the imaginary part of the dielectric constant needs to be small.
These conditions describe the resonant excitation of localized
surface plasmons for a metal sphere.'®* Similarly, the scattered
field will be enhanced if it is in resonance with the particle
LSPR. Therefore, considering the enhancing effects for both the
laser and the Stokes field, the EM SERS enhancement factor,

G5 (vg), can be expressed as:
2, o\ 12
14
(r + d)

(2)

> e —w [
|8<”L) + 28

bws) — €0
&) T 280

GSRS (ug) = |y | Ay

This equation indicates that the enhancement scales with
the fourth power (|E|*) of the local field of the metallic
nanostructure, and that it is particularly strong when excitation
and scattered fields are in resonance with LSPRS. On the other
hand, the EM predicts that SERS does not require direct contact
between the molecule and the metal, but it is necessary a
certain sensing volume. This is because, as shown in eqn (1)
and (2), the EM enhancement factor strongly decreases with the
distance from the metal surface due to the decay of the dipolar
field [1/d]’ to the fourth power, resulting in [1/d]"*.

Maximum values for EM enhancement in spherical isolated
nanoparticles are on the order of 10°. Theory predicts stronger
EM enhancement for regions with sharp features and large
curvatures, which may exist on silver and gold nanostructures.
For instance, the EM SERS enhancement factor can be increased
up to 10 when the particle presents sharp tips or edges. These
features localize the electric field within confined regions,
enabling extremely high enhancement factors.'®>'%¢ Addition-
ally, closely spaced interacting NPs can provide further field
enhancement. EM enhancement factors up to 10'" have been
estimated for dimers of Ag NPs.'®” These substantial enhance-
ments are typically attributed to highly concentrated EM fields
associated with strong LSPRs at interstitial sites (often referred
to as EM or SERS hotspots) in nanostructures consisting of two
or more coupled nanostructured surfaces with closely spaced
features. The size of these hotspots is as small as a few
nanometers, and the EM field concentration on them strongly
depends on the geometry of the nanostructured site where the
probed molecules reside, the wavelength, and the polarization
of the incident light."®> When optical excitation is localized in
such small hot spots, extraordinarily large EM SERS enhance-
ments (proportional to field enhancement to the fourth power)
up to 10" have been theoretically predicted.®

While the EM mechanism is the primary contributor to the
SERS signal, early observations noted a dependence of the
scattering signal on the electrode potential,'®® suggesting an
electronic coupling between the molecule and the metal. In
addition, the presence of metal in the system can alter the
polarizability of adsorbed molecules, thereby potentially
increasing the Raman scattering efficiency. On the other hand,
experimental observations, such as the effect’s dependence on
the chemical nature of the molecule and strong molecular
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Fig. 5 (a) EM mechanism for SERS enhancement for a single isolated sphere. (b) Energy level diagram for a “molecule-metal system” showing a possible

charge transfer involving molecular states (path (i)) and molecular and metallic states (paths (ii), (iii)). (c) Model for the estimation of the molecular
orientation. Absolute orientation of the molecule on the surface and relative orientation of the ring over the surface are represented by XYZ and xyz axes,

respectively.

selectivity, provide clear indications for the existence of an
additional chemical SERS enhancement. Moreover, the best
EM SERS enhancement factors (10'?) leave a gap of about two
or three orders of magnitude to the highest experimentally
observed non-resonant SERS enhancement factors on the order
of 10"°,"® which suggests the existence of additional enhance-
ment mechanism(s) accounting for the missing factors.

Different mechanisms have been proposed to account for
the chemical SERS effect, sometimes also referred to as the first-
layer effect, as it necessitates direct contact between the molecule
and the metal. The electronic coupling between the molecule and
metal and the formation of a surface complex can lead to charge
transfer (CT) from the metal to the molecule, or vice versa, and
within the adsorbed molecule itself, resulting in an increased
Raman signal. Fig. 5b displays a typical energy level diagram for a
molecule-metal system, where the energies of the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are roughly symmetric relative to the
Fermi level of the metal, alongside possible CT processes invol-
ving molecular states (path (i)) and molecular and metallic states
(paths (ii) and (iii)). Generally, the chemical SERS enhancement
factor is believed to contribute enhancement factors on the order
of 10-10?, coexisting with EM enhancement.

The surface selection rules, formulated by Moskovits in the
80’s,"’* explore the alteration of the relative intensity of bands
within a given SERS spectrum as a result of the orientation of
the molecule being studied in relation to the plasmonic sur-
face. For example, when considering mercaptobenzene
(Fig. 5¢),"°° and a C,, symmetry for the mercaptobenzene
group, its vibrational modes can be classified into in-plane
(ip) a1 and b, modes and out-of-plane (oop) a, and b; modes.
On the other hand, assuming that the surface electric field, E,
effectively has only a normal component (Z direction in
Fig. 5¢),"** the intensity of a vibrational mode is proportional
to the square of the scalar product of the electric field and the
dipole moment derivative of the mode, dji/dQ."*>"**

I ’%E
do

2
= 'd# }E|2cos2a (3)

do
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where a is the angle between E and di/dQ. Defining 0 as the tilt
angle of the z axis of the mercaptobenzene unit with the surface
normal (Z), and ¢ as the twist angle of the molecular plane
around the z axis (which is 0° when y is parallel to the surface).
Then, by considering that the ip a; and b, modes have dipole
moment derivatives along z and y axes, respectively, and the
oop b; modes have dipole moment derivatives perpendicular to
the phenyl ring (along x axis), the molecular-fixed axis system
xyz can be correlated with the experimental axis system XYZ by
the two Eulerian angles, 0 and y. The intensities of a,, b, and b,
can be then represented as follows from the above equation:*®

I(ay) oc cos®01%xy) (4)
1I(by) oc sin®0con? y I°(by) (5)
I(b,) oc sin®0sin® y I°(by) (6)

here I° represents the intrinsic intensity of the corresponding
mode without the surface effects (i.e., normal Raman spec-
trum). Thus 0 + 90°, which describes the angle metal surface-S-
1, and y, which describes the orientation of the phenyl ring
against the silver surface, can be calculated as follows:

2, _1(b2) (b))

A V)

()

I(b) I°%a;) 1

Al —
tan0 = 7 T0(by) cosiy

(8)

~

Thus, by assigning the a4, b; and b, vibrational modes in the
SERS spectra, usually by computational density functional
theory (DFT) methods, before and after the coupling, it is
possible to know the tilt and twist angles. The deformation of
these angles is, however, restricted by the fact that the chemo-
receptor is chemically bound to the surface and requires very
large analytes to be effective.

3.2. SERS sensing platforms

SERS-based detection of chemical and biological analytes at the
trace or single molecule level is extremely desirable in a variety
of scientific and technological domains, including analytical
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chemistry,"** materials science,'®> forensics,'*® life science,"”
food industry,"”® explosive detection’®® and biomedical
diagnostics.>®® The advancement of nanofabrication techni-
ques, the ability to obtain desired plasmonic substrates, the
tunability of LSPR of plasmonic substrates according to the
requirements, and the sensitivity of SERS spectroscopy brought
down the detection limits to a single molecule level. In parti-
cular, the design and fabrication of SERS substrates using
desired plasmonic substrates is a key factor in achieving high-
sensitivity detection.”® A wide range of SERS substrates have
been reported in the literature with the specific goal of control-
ling plasmonic hotspots and thus achieving high sensitivity.>*>
SERS substrates can be broadly classified into two types depend-
ing on how the plasmonic NPs are being used in sensing
analytes: (1) plasmonic NPs deposited on solid substrates in a
controlled manner (2) colloidal solutions of plasmonic NPs with
or without Raman reporters decorated on their surface.****** To
fabricate efficient SERS solid substrates various nanofabrication
techniques such as focused ion beam technique,>® soft
lithography,?®® electron beam lithography,”®” stamping,>®
nanosphere lithography,>®® optical lithography,”’° molecular
assembly-based lithography, and colloidal self-assembly have
been employed.”"" Despite tremendous progress in the field,
developing reliable and reproducible SERS solid substrates has
been challenging. Extensive research has been conducted to
optimize SERS substrates by close packing of NPs, using differ-
ent shapes that exhibit strong field enhancements, positioning
the analyte in the hotspot, and integrating SERS spectroscopy
with other analytical systems (e.g., microfluidic, optofluidic, and
paper-based) to achieve ultrahigh detection sensitivity.***>'* On
the other hand, sensing in a liquid medium can performed
using SERS tags or pure plasmonic NPs. In particular, SERS tags
have been extensively used in the ultrasensitive quantitative
detection of a wide range of analytes. SERS tags are commonly
prepared by first functionalizing the surface of Au or Ag NPs of
different shapes with molecules (Raman reporters) that exhibit
strong intrinsic Raman scattering, followed by coating a bio-
compatible shell, usually a polymer or SiO,. The shell can then
be functionalized with a biorecognition system such as an
antibody for specific binding to a target analyte. The SERS tags
can also be used in solid substrate-based sensing platforms.
Besides, the colloidal solutions of bare plasmonic NCs, with or
without a biorecognition system have been used for specifically
or nonspecifically binding to analytes to induce SERS signals. In
the colloidal solution, the SERS detection is also influenced by
the Brownian motion of analytes or metal NPs, and it is often
used to attain quantitative analysis, but it has a low LOD.*'* In
some cases, SERS substrates can be one or a few particles that
enable the detection of single molecules through strong EM
enhancements. On the other hand, they can also be rigid or
flexible solid substrates (glass, silicon, paper, plastic, etc.) in
which plasmonic NPs are chemically or physically immobilized.
The substrates can also be integrated with other technologies
such as microfluidics, electrocatalysis, and beyond. In the
following section, the detection of various analytes using differ-
ent types of SERS substrates has been discussed.
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3.3. Single-molecule SERS (SM-SERS) approaches and
requirements

Numerous comprehensive reviews have extensively covered
substrates and methodologies aimed at acquiring Raman spectra
from individual molecules. Here, our focus shifts towards dis-
cussing and highlighting some of the latest advancements and
promising strategies in fabricating dependable probes for single-
molecule (SM)-SERS in a reproducible manner. Several critical
conditions must be met for successful SM-SERS, including the
design of a nanostructure capable of sufficiently enhancing the
EM field.?*® In SERS, both incident and scattered light undergo
enhancement. The signal amplification thus scales approxi-
mately with the fourth power of the electric field intensity
(~|E|*).2*"2*® For single-molecule measurements, an EM-field
enhancement of at least on the order 10’-10" is required.*"®

The most common approach to obtaining sufficient enhance-
ment factors takes advantage of the electromagnetic “hotspot”
formed in the gap between two adjacent Au or Ag NPs. Plasmonic
coupling at the particle junction results in a highly localized,
strong electromagnetic field if the dimer is excited with light at a
wavelength matching the coupled plasmon resonance.”*® How-
ever, the SERS enhancement obtained from plasmonic dimers is
inversely proportional to the interparticle distance. For NSs, this
typically requires distances on the order of 1-2 nm. Top-down
nanolithography methods such as e-beam lithography or
focussed ion beam milling are capable of fabricating nanostruc-
tures with such high precision. Nevertheless, benefiting from the
EM enhancement requires precise localization of a single analyte
in the hotspot region, a task that can be challenging and reliant
on a suitable localization strategy.

Bottom-up approaches represent an alternative method,
where the analyte is directly assembled together with the NP
dimer. For instance, Lim et al. reported the formation of Au NS
dimers with a DNA tether, that simultaneously enabled the
localization of a single Raman-active dye at the particle
junction.””! Growing a Ag shell on the Au particle surface further
reduced the interparticle spacing and increased enhancement.
However, nanospheres formed by reduction chemistry or metal
overgrowth are typically not perfectly spherical and may exhibit
facets or edges. This variability can result in variations in the
hotspot size, thus hindering quantitative measurements. A strat-
egy for synthesizing nearly perfect spheres through chemical
etching was reported by the Schliicker group.*** Structural uni-
form dimers of ideal spheres were formed by the substrate-
supported assembly and exhibited excellent and reproducible
plasmonic properties for reliable measurements.>** Nanodimer
formation using alkanethiol®** or DNA-linker’*® has proven
useful for assembling spherical particles. A more versatile
approach to dimer formation, with a defined gap size and
hotspot targeting, is offered by DNA origami technology. DNA
origami is a nanofabrication method that allows the design of
three-dimensional structures with nanoscale precision.>*® This
technique has been employed to assemble complex and multi-
functional plasmonic nanostructures, enabling the study of
enhanced light-matter interactions in various scientific applica-
tions, including SM-SERS.>*’
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The first reports on DNA-origami assembled plasmonic
dimers for SERS were published almost ten years ago. Interest-
ingly, all reports employed different structural designs, illustrating
the great design flexibility of DNA nanotechnology. For example,
Prinz et al. designed gold dimers on triangular DNA origami
scaffolds.”*® Thacker et al. developed a design to obtain strong
plasmonic coupling between two 40 nm gold nanoparticles repro-
ducibly held with gaps of 3.3 + 1nm on a porous DNA sheet.**’
Kiihler et al utilized gold nanodimers linked by a three-layered
DNA origami spanning the plasmonic “hotspot”.>* Pilo-Pais et al.
employed a DNA origami template where Au NPs were selectively
placed on the corners of rectangular origami and subsequently
enlarged via solution-based metal deposition.”*"

In recent years, further origami designs, such as nanoforks
and funnel-spacers,*** have been devised, expanding the metho-
dology towards successful SM measurements. In the first demon-
stration of SM-SERS with DNA-Origami assembled Au dimer
nanoantennas, Simoncelli et al., employed optothermal-induced
shrinking of a DNA template to reduce the gap sizes between two
40 nm Au NSs.>** By shrinking the plasmonic hotspot, SERS
spectra from single molecules positioned in the NP gap were
obtained. However, plasmonic heating is generally not wanted
during the measurement. Along with hot carrier generation, high
temperatures could lead to carbonization of the analyte.”***%
Carbonization is characterized by the emergence of a broad
carbon D-band at ~1350 cm ' and a stronger G-band at
~1580 cm ™' that dominates the time-averaged spectrum. Stra-
tegies to avoid carbonization have been demonstrated, with gold
being less prone to induce carbon formation compared to
silver,>*® and carbonization tends to be further suppressed when
SERS measurements are conducted in water.>®” As briefly men-
tioned earlier, the strength of DNA origami lies in its flexibility
to realize alignments of particles with different shapes and
materials. This flexibility allows for the creation of large hot-
spots capable of accommodating sizable molecules and proteins
while still providing sufficient field enhancement. Nanostars
and bowtie antennas formed by Au nanotriangles have emerged
as alternatives to nanosphere dimers to achieve strong field
enhancement with wider gaps. Au NSTs feature sharp tips where
the electromagnetic field is concentrated at resonant
excitations.”*® Recently, Kanehira et al. reported that dimers
formed with ‘“nanoflower” particles outperform spheres on
“nanofork’-DNA origami nanoantennas.>*® Single protein SERS
was demonstrated by Tanwar et al., where thrombin was bound
to a DNA template and then sandwiched between two bimetallic
NSTs (Fig. 6a).>*° However, aligning NSTs precisely tip-to-tip can
be challenging, even with DNA origami. Furthermore, the sharp
tips of nanostars exhibit limited stability under resonant excita-
tion and are prone to melting during measurement. Other
methodologies have therefore been explored and reported. Heck
et al. demonstrated SM-SERS on biotin/streptavidin with self-
assembled “nanolenses” made of silver particles (Fig. 6b).>*!
Tapoi et al. demonstrated SM-SERS of cytochrome ¢ with DNA
origami nanofork antennas (Fig. 6¢).>*> Zhang et al. demon-
strated non-resonant SERS of Cy5 in 5 nm gaps between gold
triangles on DNA origami.®”
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A general limitation of most of these DNA origami approaches
is a single dye or biomolecule must first be attached to the DNA
origami. Subsequently, the plasmonic NPs are assembled around
the analyte in a second step prior to measurements. This strategy
may not be viable for typical sensing applications, where proteins
or biomolecules must be identified from a liquid sample. Ideally,
a SERS probe would enable the capture of analytes from the
solution. Recently, a DNA origami scaffold with control over the
tip-to-tip alignment of Au NRs with an average gap size of 8 nm
has been reported (Fig. 6d).>** These gaps were accessible for
proteins captured using specific anchoring sites located in the
hotspot region. The capability to target specific biologically
relevant proteins may facilitate future in situ or in vivo measure-
ments, for example, Sharma et al.>** have reported the SERS
detection of single epidermal growth factor (EGF) receptors using
DNA origami-assembled gold nanorod dimer nanoantennas. To
stabilize the structure during measurements, the origami tem-
plate could additionally be protected via site-specific silanization
without hindering any analyte binding.**> In combination with
recent implementations of machine learning for SERS data
analysis,”*® the design for DNA origami assembled nanostruc-
tures for SM-SERS will pave the way for their wider use in
biodiagnostics and personalized medicine.

As discussed above placing the analyte in the hotspot is
critical for SM-SERS. Another approach that has been exploited
for SM-SERS is tip-enhanced Raman spectroscopy (TERS, see
Section 3.6 for more details), in which analyte molecules are
placed in between the plasmonic tip and substrates.**”>*° The
apex of the tip localizes the EM field in a confined space
through the lightning rod effect.>**2*! Thus, the strong cou-
pling between the tip and substrate results in strong EM field
enhancement so the SERS EF. The spectral overlap of the SPR of
the hotspot and the electronic transition of the analyte is an
important factor for SM-SERS.>*® This technique has been used
in the chemical mapping of single molecules with atomic
precision,*? in situ probing of catalytic reactions at the SM
level, molecular conformations in molecular electronics where
SM junctions are used,”® and detection of biomolecules
(viruses, DNA, and RNA)****°%*%* with SM precision. Despite
significant progress in recent years, the practical applications
of SM sensing are yet to be realized. It is still challenging to
prove whether the SERS signals come from SM. Moreover, the
degradation of analytes under laser beam effects the reprodu-
cibility of SM SERS spectra.

3.4. Target analytes

In direct SERS, target analytes are molecules/ions that exhibit
Raman active vibrational transitions, undergoing changes in
polarizability during these vibrations. Moreover, it is more
suitable for molecules with unsaturated bonds and aromatic
rings (high polarizability) like polyaromatic hydrocarbons
(PAHSs), dyes, etc. Nevertheless, other analytes show low Raman
cross-section (Raman efficiency) like some gas species, pro-
teins, etc so an indirect SERS methodology is applied for its
detection. This type of detection implies using plasmonic
substrates/NP functionalized with a Raman active molecule

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Examples of plasmonic DNA origami nanoantennas for single protein measurements. (a) Schematic of gold/silver nanostar dimers formed around
thrombin on a rectangular DNA origami sheet. TEM images of the nanostar dimer structure (Reproduced from ref. 240 with permission from ACS
publisher, Copyright 2021). (b) A single streptavidin molecule is positioned in the gap between silver nanoparticles of different sizes, forming a so-called
“nanolens”. Reproduced from ref. 241 with permission from Wiley-VCH publisher, Copyright 2018. The sequence of AFM images shows the DNA origami
template, the template with streptavidin attached, and the finally formed plasmonic structure. (c) DNA origami nanofork antenna structure. An analyte
molecule is tethered to a DNA bridge spanning the particle gap reproduced from ref. 232 with permission from ACS publisher, Copyright 2021 (d) gold
nanorods assembled by a DNA origami beam. A capturing strand is located between the nanorod tips to bind single proteins from the solution.

Reproduced from ref. 242 with permission from Nature Publisher, Copyright 2023.

(typically with a large Raman scattering cross section and called
SERS tag). Thus, in indirect SERS the interaction of the SERS
tag with the target analyte produces a change in the Raman
intensity or in the Raman shift. In the section, we summarize
the detection of some of the most relevant target analytes,
covering explosives and chemical warfare agents, ionic and
gaseous species or biomolecules.

3.4.1. Explosive molecules and chemical warfare agents
and simulants. Studies on synthesizing and detecting various
explosives and their composi